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ABSTRACT
We study a granular-sized magnetic flux emergence event that occurred in NOAA 11024 in July 2009. The
observations were made with the CRISP spectropolarimeter at the Swedish 1 m Solar Telescope achieving a
spatial resolution of 0.14′′. Simultaneous full Stokes observations of the two photospheric Fe I lines at 630.2 nm
and the chromospheric Ca II 854.2 nm line allow us to describe in detail the emergence process across the solar
atmosphere. We report here on 3D semi-spherical bubble events, where instead of simple magnetic footpoints,
we observe complex semi-circular feet straddling a few granules. Several phenomena occur simultaneously,
namely, abnormal granulation, separation of opposite-polarity legs, and brightenings at chromospheric heights.
However, the most characteristic signature in these events is the observation of a dark bubble in filtergrams
taken in the wings of the Ca II 854.2 nm line. There is a clear coincidence between the emergence of horizontal
magnetic field patches and the formation of the dark bubble. We can infer how the bubble rises through the
solar atmosphere as we see it progressing from the wings to the core of Ca II 854.2 nm. In the photosphere,
the magnetic bubble shows mean upward Doppler velocities of 2 km s−1 and expands at a horizontal speed of
4 km s−1. In about 3.5 minutes it travels some 1100 km to reach the mid chromosphere, implying an average
ascent speed of 5.2 km s−1. The maximum separation attained by the magnetic legs is 6.′′6. From an inversion
of the observed Stokes spectra with the SIR code we find maximum photospheric field strengths of 480 G and
inclinations of nearly 90◦ in the magnetic bubble interior, along with temperature deficits of up to 250 K at
logτ = −2 and above. To aid the interpretation of the observations, we carry out 3D numerical simulations of
the evolution of a horizontal, untwisted magnetic flux sheet injected in the convection zone, using the Bifrost
code. The computational domain spans from the upper convection zone to the lower corona. In the modeled
chromosphere the rising flux sheet produces a large, cool, magnetized bubble. We compare this bubble with
the observed ones and find excellent agreement, including similar field strengths and velocity signals in the
photosphere and chromosphere, temperature deficits, ascent speeds, expansion velocities, and lifetimes.
Subject headings: Sun: chromosphere — Sun: magnetic topology — Sun: photosphere
1. INTRODUCTION
The currently accepted picture of the active Sun portraits
solar magnetic fields being created as magnetic flux tubes
in the tachocline (the interface between the radiative in-
terior and the differentially rotating outer convection zone
of the Sun) due to extreme shear. Buoyancy instabilities
make the flux tubes to rise as Ω-shaped loops and reach
the upper convection zone, emerging into the photosphere
in the form of active regions (see, e.g., Caligari et al. 1995;
Moreno-Insertis & Emonet 1996; Fisher et al. 2000). This
scenario is supported by more recent simulations that in-
clude the effects of turbulent, solar-like convective flows
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on rising thin flux tubes (Weber et al. 2011), 3D MHD flux
tubes (Jouve & Brun 2009), and buoyant magnetic loops
(Nelson et al. 2011). The emergence occurs in a plethora of
sizes and magnetic flux contents, stretching from the largest
activity complexes, with sunspots 30000 km wide and fluxes
of the order of 1022 Mx, to pores, faculae and the smaller
ephemeral regions, with fluxes between 1018 and 1020 Mx
(e.g., Martin & Harvey 1979; Hagenaar et al. 2003).
In what concerns the quiet Sun, much has been advanced
in the last decade thanks to the use of full Stokes po-
larimetry at high spatial resolution, as provided by ground-
based and space-borne telescopes (see Moreno-Insertis 2012).
Early spectropolarimetric measurements from the ground re-
vealed that also in the quiet Sun magnetic flux is emerg-
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ing continually (e.g., Lites et al. 1996; De Pontieu 2002;
Martínez González et el. 2007). The Solar Optical Telescope
on board the Hinode satellite (Kosugi et al. 2007) signifi-
cantly extended our observational capabilities, making it pos-
sible to characterize granular-sized flux emergence events
with a resolution and sensitivity never reached before (e.g.,
Centeno et al. 2007; Otsuji et al. 2007; Orozco Suárez et al.
2008; Martínez González & Bellot Rubio 2009; Wang et al.
2012). Using these data, Ishikawa et al. (2008) and
Ishikawa & Tsuneta (2009) demonstrated that the emer-
gence of magnetic flux on granular scales brings large
amounts of horizontal fields to the quiet photosphere, while
Bellot Rubio & Orozco Suárez (2012) proved that the solar
internetwork is indeed full of weak horizontal magnetic fields.
To characterize flux emergence events in the photosphere
and above from the beginning to the end, one needs simulta-
neous measurements in all possible wavelength ranges, from
the infrared to hard X-rays, at the highest spatial resolution.
Therefore, having a complete observational picture of flux
emergence has proven extremely difficult.
Concerning new modeling capabilities, our knowledge has
also advanced thanks to the availability of very extensive
(sunspot-sized simulation boxes), very high-resolution, realis-
tic 3D numerical simulations of flux emergence in the solar at-
mosphere. According to Tortosa-Andreu & Moreno-Insertis
(2009), two classes of models can be distinguished. The
first type include models with boundaries from the top of
the convection zone to the corona. In order to boost com-
puting speed, they strongly simplify the thermodynamics
of the plasma and ignore its interaction with the radia-
tion field; in most cases, heat conduction is also neglected.
Such simplifications limit the possibility of comparison with
observations in the regions where radiative transfer pro-
cesses are important (see Tortosa-Andreu & Moreno-Insertis
2009, and references therein). A second class of mod-
els have appeared recently that solve the radiation trans-
fer problem simultaneously with the MHD equations
(Cheung et al. 2007, 2008; Martínez-Sykora et al. 2008;
Tortosa-Andreu & Moreno-Insertis 2009). These authors in-
jected a horizontal magnetic flux tube or sheet (with different
levels of field line twist) in the lower levels of the domain.
Martínez-Sykora et al. (2008) used a larger box in the vertical
direction reaching up to the chromosphere, transition region
and part of the corona. They found cold bubbles developing
in coincidence with the arrival of the magnetized plasma to
the chromosphere. Tortosa-Andreu & Moreno-Insertis (2009)
also found irregular and extended cool patches when the mag-
netized plasma reaches the chromosphere. They concluded
that "the rise of the magnetized plasma in the low atmo-
sphere proceeds in the form of a series of jumps with stops
in between (at levels mostly between 200 and 500 km), in-
stead of in a continuous fashion". The reason given by
Tortosa-Andreu & Moreno-Insertis (2009) for the occur-
rence of these jumps and stops is the necessity of the
plasma to pile up at a certain height and to expand side-
ways so the plasma β decreases and buoyancy instabili-
ties can develop again. Once this occurs the magnetized
plasma continues its way up.
The interaction between emerging flux and pre-existing am-
bient fields has become a hot topic of research for both ob-
servers and modelers. When the two flux systems interact,
reconnection is likely to happen, producing brightenings and
surges. Therefore, observations of the emerging flux and its
interaction with the preexisting field are important to under-
stand key processes of energy release and associated phenom-
ena in the solar atmosphere.
Signatures of energy release at different scales and heights
have been identified above emerging flux regions repeat-
edly (for a review, see Guglielmino 2012). The work of
Guglielmino et al. (2010) is a recent example of multiwave-
length, multilayer studies of flux emergence events. Using
observations in the visible, UV, EUV and soft X-rays, they
analyzed brightenings in the chromosphere, transition region,
and corona, as well as chromospheric surges, associated with
an intermediate-scale emerging flux region and ascribed them
to the reconnection of the newly emerged flux and the pre-
existing field. Other examples of energy release in active
regions are small-scale brightenings and transient emissions
in the wings of the Hα line, the so-called Ellerman bombs
(Georgoulis et al. 2002; Watanabe et al. 2011).
We have observed a new type of granular-sized flux
emergence events using high resolution spectropolarimetric
measurements in the photospheric Fe I 630.2 nm lines and the
chromospheric Ca II 854.2 nm line. These events differ from
others reported in the literature (e.g., Centeno et al. 2007;
Martínez González & Bellot Rubio 2009; Gömöry et al.
2010; Martínez González et al. 2010; Gömöry et al. 2013)
in that they are not loop-shaped, but instead have a 3D
semi-spherical shape, resembling a parachute. Due to their
similarities we name them magnetic bubbles, as opposed to
magnetic loops. If magnetic loops intersect the photosphere
at two points, called footpoints, our magnetic bubbles do
so in half moon shaped magnetic feet or legs of opposite
polarity. In Ca II 854.2 nm images the bubbles appear dark,
therefore we simply refer to them as dark bubbles.
This paper presents a detailed characterization of these
magnetic bubbles, including their temporal evolution, their
magnetic and dynamic properties in different layers of the at-
mosphere, and a comparison with numerical simulations that
show similar features. Paper II of the series will be devoted
to an in-depth analysis of the observed Ca II 854.2 nm Stokes
profiles, which will be inverted and compared with synthetic
spectra calculated from the simulations.
We start by describing the observations and the data reduc-
tion in Section 2. In Section 3 we present two examples of
emerging magnetic bubbles and the various phenomena asso-
ciated with them. We also determine the velocity and mag-
netic structure of the bubbles from a bisector analysis and
Stokes inversion of the observed polarization signals. Section
4 describes our numerical simulations and the bubbles they
produce. Finally, in Sect. 5 we discuss our findings and com-
pare them with earlier observational results and simulations.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. Observations
We analyze observations of AR 11024 acquired on 2009
July 5 using the Swedish 1-m Solar Telescope (SST;
Scharmer et al. 2003) and the CRisp Imaging Spectro-
Polarimeter (CRISP; Scharmer et al. 2008). The seeing con-
ditions were very favorable and from the large volume of
recorded data we select a period of 28 minutes starting at
09:48:40 UT. During this time the FOV was centered near
S27◦, W12◦. The observations consist of simultaneous full-
Stokes measurements of the Fe I 630.15 and 630.25 nm lines
and the Ca II 854.2 nm line. The spatial resolution of the
observations is close to the diffraction limit of the telescope
(λ/D = 0.14′′ at 630 nm).
CRISP is a tunable filter consisting of two etalons in tele-
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FIG. 1.— Left: contribution function of the Fe I 630.15 nm line in the FALC model. Right: contribution function of the Ca II 854.2 nm line. The corresponding
intensity profiles are shown in black. Note the different vertical scales for each line. The transition between photosphere and chromosphere occurs around 500 km
and is signaled by the knees of Ca II 854.2 nm at ±300 mÅ.
centric mount. This type of instruments allows one to ob-
serve the entire field of view (FOV) in quasi-monochromatic
light (the CRISP passband at 630 nm has a full width at half
maximum of 65 mÅ). Spectral lines are scanned by tuning
the etalons. Each of the Fe I lines was sampled at 15 posi-
tions across the range ±336 mÅ from line center in steps of
48 mÅ. A continuum point was observed at +680 mÅ. The
Ca II 854.2 nm line was sampled at 17 positions across the
range ±800 mÅ in steps of 100 mÅ, plus an extra point lo-
cated at +2.4 Å.
The polarization modulation was achieved with the help
of two liquid crystal variable retarders cycling through four
states. The polarization analysis was performed by a polariz-
ing beam splitter in front of the two narrow-band cameras of
CRISP. In order to reduce the noise, we recorded nine expo-
sures per modulation state, resulting in an effective integration
time of 153 ms per wavelength position and Stokes parame-
ter. A full spectral scan of the two Fe I lines, the Ca II line and
the two continuum positions was completed in 61 s. The time
sequence contains 28 line scans with a cadence of 67 s.
Here we will often refer to events observed in the wings
and cores of the iron and calcium lines. To establish a rough
relationship between the various wavelength positions and ge-
ometrical heights, in Figure 1 we plot the contribution func-
tions of Fe I 630.15 nm and Ca II 854.2 nm as computed in
the FALC model of Fontenla et al. (1993). The τ = 1 layer is
very corrugated in the chromosphere, especially in the pres-
ence of magnetic fields. The FALC model cannot reflect this
corrugation because it is one dimensional, but serves to il-
lustrate the range of heights that we can expect for Ca II
854.2 nm. Figure 1 shows that all phenomena observed in
the Fe I lines happen within the photosphere (the wings re-
ferring to the low photosphere close to the continuum and the
core to the upper photosphere). Events detected in the wings
of the Ca II 854.2 nm line take place in the mid-high pho-
tosphere, while events observed in the line core occur in
the mid chromosphere. For example, the Ca II filtergrams
at −0.06 nm from the line core probe the photosphere at a
height of about 200 km, and hence show reversed granulation.
The “knees” of the intensity profile at around ±300 mÅ sam-
ple the minimum temperature region, some 500 km above the
continuum forming layer. The line core, representing heights
of approximately 1300 km, is purely chromospheric.
Through the use of the SST adaptive optics system and the
multi-object, multi-frame blind deconvolution image restora-
tion technique (MOMFBD; van Noort et al. 2005), we cor-
rect for most of the wavefront distortions and image blur-
ring induced by the Earth’s atmosphere. Precise alignment
between the wideband and narrowband cameras is achieved
by a separate alignment procedure involving a reference
pinhole array target. The pre-processing and polarimet-
ric calibration of the data follow the methods described in
de la Cruz Rodríguez et al. (2013), and telescope-induced po-
larization was compensated at 630 nm and 854 nm using the
telescope models of Selbing (2010) and de la Cruz Rodríguez
(2010), respectively. For each spectral line, the entire time se-
ries was aligned and de-rotated to a common reference, and
residual rubbersheet motions were removed as described by
Shine et al. (1994). Finally, the Ca II 854.2 nm images in each
scan were aligned with respect to the Fe I 630.15 images from
the same time step. To achieve high accuracy, the alignment
was done using the wideband images because they show pho-
tospheric scenes in the two spectral ranges.
An inspection of the resulting Stokes profiles revealed a
small amount of residual crosstalk from Stokes I into Q, U,
and V. We removed this contamination as follows,
S(λ) = Sobs(λ) − Soffset · Iobs(λ), (1)
where S represents any of the three Stokes parameters Q, U,
and V, and Soffset is the corresponding crosstalk coefficient.
The various Soffset were calculated by linear regression of
Q(λ), U(λ), and V(λ) against I(λ), for pixels with negligible
polarization signals, and turn out to be of the order of 0.2%.
Finally, we removed small spectral gradients observed in the
Stokes profiles. After calibration, the noise in Stokes Q, U,
and V is 2.5× 10−3, 1.5× 10−3, and 1.5× 10−3, respectively.
The observed FOV is shown in Fig. 2 as seen in the red
wing of the Ca II 854.2 nm line. Magnetic bright points are
prominent at this wavelength because the granulation contrast
is lower than in the continuum. A train of pores (concentra-
tions of magnetic field without a penumbra) appears embed-
ded in the network of bright points. The observed line posi-
tions are indicated with circles in the right panel of the figure,
superposed on spatially-averaged quiet Sun profiles computed
within the white box marked in the left panel.
AR 11024 appeared on 2009 July 4 as a pore that de-
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FIG. 2.— Left: Part of active region NOAA 11024 observed +2.4 Å from the Ca II 854.2 nm line center. The black rectangle on the right highligths the FOV
chosen for Figure 3. Right: Spatially-averaged quiet-Sun profiles of the Fe I 630.15 and 630.25 nm (top) and Ca II 854.2 nm lines (bottom), computed within the
white box shown on the left panel. The observations were acquired at the line positions marked with circles.
veloped a penumbra on the same day (Schlichenmaier et al.
2010, 2012). Flux emergence was taking place intensively ev-
erywhere in the AR, yielding numerous pores and sunspots.
Here we focus on the quietest part of the FOV, which also
showed many instances of flux emergence on small spatial
scales. The two examples considered in this paper (cases #1
and #2) are highlighted with white boxes in the intensity and
circular polarization maps of Figure 3.
2.2. Line parameters
We have calculated Dopper velocities at different heights
in the atmosphere from the bisectors of the Fe I 630.15 nm
line at ten intensity levels, from 0% (line core) to 90%
(line wing near the continuum). To this end, we used the
bisec_abs_lin.pro routine of the Kiepenheuer-Institut für Son-
nenphysik IDL library. For the calculation of bisectors, the
intensity profile is interpolated linearly. The wavelength posi-
tion of the line core was obtained by means of a parabolic fit
around the intensity minimum.
In order to convert bisector positions into Doppler veloc-
ities we assume that, on average, quiet Sun areas within the
FOV are at rest. These areas are defined as those pixels whose
magnetic signals are smaller than 3σ, with σ the noise of the
photospheric magnetograms. Then we averaged the bisectors
between the 40% and 70% intensity levels in the selected pix-
els, and took the result as the zero point for the velocity scale.
A similar procedure was applied to the chromospheric line.
In order to convert the Ca II 854.2 nm bisector positions to
velocities we again assumed that the quiet Sun pixels are at
rest on average.
To study the evolution of the longitudinal and transverse
components of the vector magnetic field we use the mean lin-
ear polarization degree (LP),
LP =
∫ λr
λb
[Q2(λ) +U2(λ)]1/2/I(λ)dλ
∫ λr
λb
dλ
, (2)
and the mean circular polarization degree (CP),
CP =
∫ λr
λb
|V (λ)|/I(λ)dλ
∫ λr
λb
dλ
, (3)
where λr and λb represent the limits of integration over the
line. The LP and CP have been calculated for the two Fe I
lines separately and then averaged, in order to improve the
signal-to-noise ratio.
2.3. Retrieval of the magnetic properties of the bubble
The four Stokes profiles of the Fe I lines were inverted si-
multaneously to determine the magnetic and dynamic prop-
erties of the fields emerging in the photosphere. To this
end, we used the SIR inversion code (Stokes Inversion based
on Response functions; Ruiz Cobo & del Toro Iniesta 1992)
and a simple one-component model atmosphere. The atmo-
spheric parameters were taken to be constant with height ex-
cept for the temperature, whose stratification was obtained by
perturbing the Harvard Smithsonian Reference Atmosphere
(Gingerich et al. 1971) at two specific optical depths called
nodes. In view of the high spatial resolution attained by our
observations, we set the magnetic filling factor to unity and
did not use any macroturbulence or stray light contamination.
In total, the inversion returned the values of 7 free parameters
(the three components of the vector magnetic field, the LOS
velocity, the temperature at the two nodes, and the microtur-
bulence) for each pixel within the observed FOV.
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FIG. 3.— SST observations of NOAA 11024 on 2009 July 5 at 10:13:14 UT. The 30′′ × 40′′ FOV shown here focuses on the area where magnetic flux was
emerging more intensively. Left: Continuum intensity at 630.32 nm. Middle: Ca II 854.2 nm Stokes I filtergram at −0.05 nm from line center. Right: mean
circular polarization degree in the Fe I lines (scaled to ±5%). The red boxes outline the FOVs corresponding to each of the two emergence events analyzed in
this paper (cases #1 and #2).
The longitudinal component of the chromospheric mag-
netic field was computed from the Ca II 854.2 nm Stokes V
profiles using the weak field approximation. We can apply
this approximation here because the Zeeman splitting is much
smaller than the thermal width of the line. The magnetic field
may change over the line formation region, though, so the
method remains qualitative. In the weak field regime, V (λ) is
related to the longitudinal component of the field through the
following relationship
V (λ) = −φC δI
δλ
, (4)
(e.g., Landi degl’Innocenti & Landolfi 2004), where φ =
f B cos(γ) is the longitudinal flux density, f the magnetic fill-
ing factor, B the field strength, γ the field inclination with
respect to the LOS, C = 4.67× 10−13λ20g a constant that de-
pends on the central wavelength λ0 and the effective Landé
factor g of the transition, and δI/δλ the derivative of the in-
tensity profile with wavelength. φ is in Mx cm−2 when λ0 is
given in Å. We have followed the least-squares method used
by Martínez González & Bellot Rubio (2009) to obtain φ as
φ = −
Σi
δI
δλi
Vi
CΣi( δIδλi )2
, (5)
where the subscript i labels the ith wavelength sample.
3. RESULTS
In this Section we describe two characteristic flux emer-
gence events and the various phenomena that occur simul-
taneously as the magnetic field crosses the photosphere and
intrudes at least into the mid chromosphere.
After a global description of the two emergence events
based on the recorded filtergrams, we will perform a more
detailed analysis of event #1 that will include a discus-
sion of the properties of the observed Stokes profiles and
a derivation of LOS velocities and magnetic fields both in
the photosphere and in the chromosphere.
3.1. The dark bubble and other signs of flux emergence
Figure 4 displays a temporal sequence of CP maps (upper
panels) and Ca II 854.2 −0.08 nm filtergrams (lower panels)
for flux emergence event #1. The times indicated in each
panel are those of the first wavelength point of the correspond-
ing Fe I 630 nm or Ca II 854.2 nm line scan, in UT.
During the sequence, which spans about 10 minutes, a
negative polarity patch showing a semi-circular shape is ob-
served. In the third magnetogram of the sequence, a weak
positive blob appears at (x,y) = (2′′,4′′). This magnetic knot
rapidly grows from the third to the fourth magnetogram,
reaching a size of 0.5′′× 0.8′′. The subsequent evolution is
dominated by the separation of the opposite magnetic polar-
ities, as indicated by the arrows. At 10:09:42 UT the cen-
ters of the two polarities are separated by 1.4′′. This distance
grows steadily up to 3.6′′at 10:17:48 UT. The separation speed
reaches a maximum of 5.0 km s−1 at 10:14:20 UT and slows
down to 2.7 km s−1 at the end of the sequence.
The lower panels of Figure 4 show the corresponding Ca II
intensity images. The arrows still refer to the magnetic legs
described above. Brightenings in the intensity sequence re-
semble in shape and coincide in position with the magnetic
features seen in the magnetograms. Particularly bright areas
are observed from 10:13:56 UT until the end of the sequence.
However, the most striking feature in the intensity images is
the occurrence of a dark bubble, which occupies a more or less
circular area within the limits defined by the magnetic feet.
For the purpose of detection, we have defined the dark bubble
as those pixels – within the mentioned limits – whose inten-
sity in the Ca II 854.2 −0.08 nm filtergram is ≤ 0.7Ic. Using
this criterion, the bubble turns out to be visible from 10:09:42
to 10:13:14 UT (magnetogram time), i.e., for four line scans.
The dark bubble grows from 1.5′′× 0.6′′ at 10:09:42 UT to
1.7′′× 1.2′′ at 10:13:14 UT. The evolution of the bubble size
(the a1 and a2 parameters) as well as the separation between
the centroids of the opposite-polarity magnetic legs (the b pa-
rameter) is summarized in Table 1 and Figure 5. We find a
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FIG. 4.— Top: Temporal evolution of the photospheric magnetograms corresponding to the first case of flux emergence. Time in UT is indicated in the upper
right corner of each panel. The sequence shows the appearance of a positive polarity foot (white) close to an already existing negative polarity semi-circular patch
(black). The arrows indicate feet of opposite polarity as they separate from each other during the emergence process. Bottom: same as above for the Ca II 854.2
−0.08 nm intensity filtergrams. Here the arrows still highlight the magnetic legs. Major intensity enhancements are associated with the negative leg. Some of the
brightenings [located around (x,y) = (2′′,0.5′′)] appear when the negative foot interacts with a pre-existing positive patch. The dark bubble is well visible in the
intensity images from 10:10:27 to 10:13:56 UT. a1 and a2 are its dimensions. b is the distance between the magnetic legs of opposite polarity (Tables 1 and 2).
more or less steady increase in the a2 direction, but an inter-
mittent increase in the a1 direction. This is also reflected in
the expansion velocity, which is steady along the a2 axis (from
1.1 to 3 km s−1) but can take both positive and negative values
along the a1 axis. Note, for example, the negative expansion
velocity of −3.9 km s−1 at 10:12:01 UT.
The evolution of flux emergence event #2 is shown in Fig-
ure 6. Only the Ca II 854.2 nm intensity filtergrams are dis-
played, but the details of the magnetic feet separation and the
bubble growth can be found in Table 2 and Figure 5. The se-
quence lasts for 12 minutes and the general behavior is very
similar to case #1. The arrows pinpoint the magnetic feet of
opposite polarity as they separate from each other during the
emergence process. In this case, the feet reach a maximum
separation of 6.6′′after 10 minutes. The dark bubble grows
in size, but in a rather discontinuous way, suggesting that the
emergence of flux occurs in the form of successive jumps with
intermediate stops. The two events considered here show
the same behavior. The horizontal expansion velocity of the
dark bubble peaks at 7 km s−1, with an average of 1 km s−1.
To get a better impression of how these events evolve with
height, Figure 7 shows a temporal sequence of observables
formed at various heights for flux emergence case #1 (see also
the accompanying movie in the electronic edition of the
Journal). The sequence spans 10 minutes. From left to right
the following parameters are displayed: continuum intensity
at 630.32 nm, photospheric LP and CP maps, and seven filter-
grams across the Ca II 854.2 nm line from −0.06 to +0.06 nm
in steps of 0.02 nm. Figure 1 provides an approximate trans-
lation of these line positions into heights. The green contours
in the LP and CP panels indicate a mean linear polarization
degree of 0.6%. The red contours shown on the CP map rep-
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TABLE 1
PROPERTIES OF CA II 854.2 BUBBLE #1
Time Bubble size Magnetic feet separation Bubble horizontal expansion Magnetic feet horizontal speed Vertical speed Rising time
(UT) (a1 × a2) (b) (a1 , km s−1) (a2 , km s−1) (km s−1) (mÅ s−1) (s)
10:07:16 · · · · · · · · · · · · · · · · · · · · ·
10:08:28 · · · · · · · · · · · · · · · · · · · · ·
10:09:42 1.46′′ × 0.56′′ 1.37′′ · · · · · · · · · · · · · · ·
10:10:53 1.88′′ × 0.67′′ 1.55′′ 4.23 1.10 1.81 1.38 72
10:12:01 1.51′′ × 0.88′′ 1.76′′ −3.88 2.20 2.20 1.45 69
10:13:14 1.67′′ × 1.19′′ 2.01′′ 1.56 3.03 2.45 1.35 74
10:14:20 · · · 2.46′′ · · · · · · 4.86 · · · · · ·
10:15:33 · · · 2.92′′ · · · · · · 4.50 · · · · · ·
10:16:40 · · · 3.36′′ · · · · · · 4.69 · · · · · ·
10:17:48 · · · 3.62′′ · · · · · · 2.73 · · · · · ·
NOTE. — Column (1): Time of the first wavelength of a full scan (2): Size of dark bubble as measured in Ca II intensity. The bubble is defined by the
intensities of less than 0.7 Ic that are within the area enclosed by the magnetic feet. Dimensions a1 and a2 are defined in Figure 4 and displayed in Figure 5
(3): Distance between the opposite-polariy magnetic feet. The separation b is defined in Figure 4 and summarized in Figure 5 (4): Horizontal expansion of
the bubble area in the a1 and a2 directions relative to the previous scan (5): Speed of separation of the opposite-polarity magnetic feet (6): Vertical speed
of the bubble measured from one wavelength position (or height) to the next (6): Bubble rising time from one wavelength position (or height) to the next.
Missing information is marked with the symbol “ · · · ”.
TABLE 2
PROPERTIES OF CA II 854.2 BUBBLE #2
Time Bubble size Magnetic feet separation Bubble horizontal expansion Magnetic feet horizontal speed Vertical speed Rising time
(UT) (a1 × a2) (b) (a1 , km s−1) (a2 , km s−1) (km s−1) (mÅ s−1) (s)
10:04:00 1.91′′ × 0.30′′ · · · · · · · · · · · · · · · · · ·
10:05:06 1.72′′ × 0.65′′ · · · -2.00 3.78 · · · · · · · · ·
10:06:10 1.59′′ × 0.53′′ · · · -1.45 -1.33 · · · 1.53 65
10:07:16 2.02′′ × 0.77′′ 2.45′′ 4.65 2.59 · · · 1.50 67
10:08:28 2.42′′ × 1.06′′ 3.03′′ 3.97 2.88 5.76 · · · · · ·
10:09:42 3.00′′ × 1.24′′ 3.55′′ 5.60 1.74 5.02 · · · · · ·
10:10:53 2.40′′ × 0.95′′ 4.00′′ -6.00 -3.00 4.53 · · · · · ·
10:12:01 3.07′′ × 1.09′′ 4.30′′ 7.00 1.50 3.15 · · · · · ·
10:13:14 3.50′′ × 0.87′′ 4.78′′ 4.21 -2.15 4.70 · · · · · ·
10:14:20 2.80′′ × 0.95′′ 5.25′′ -7.57 0.86 5.08 · · · · · ·
10:15:33 · · · 5.70′′ · · · · · · 4.40 · · · · · ·
10:16:40 · · · 6.20′′ · · · · · · 5.30 · · · · · ·
10:17:48 · · · 6.60′′ · · · · · · 4.20 · · · · · ·
NOTE. — Same as Table 1, for flux emergence event #2.
resent mean circular polarization degrees of 1.3%. The yellow
contours highlight the presence of the dark bubble during its
lifetime. They are plotted only in columns 1 and 4 to avoid
cluttering.
Figure 7 illustrates the various phenomena occurring as the
magnetic flux rises through the solar atmosphere. The most
remarkable is the formation of a dark bubble. The continuum
intensity at 630.2 nm does not show any traces of the dark
bubble, as can be seen in the first column. However, other
effects of the emergence are evident in the photosphere, such
as abnormal granulation. At the position of the emerging flux
the granules become bigger and more elongated than usual,
e.g. near (x,y) = (1.5′′,4.5′′) at 10:07:16 UT.
The dark bubble rises through the solar atmosphere. This
is clearly inferred from our sampling of the Ca II 854.2 nm
line because we observe the bubble to gradually move to the
line center as time progresses. The dark bubble first appears
at 10:09:42 UT in the Ca II 854.2−0.06 and −0.04 nm filter-
grams, that is, the mid photospheric wings of the line. How-
ever, in the next scan at 10:10:53 UT, it is also detected in
the Ca II 854.2 −0.02 nm filtergram and has increased in size.
Subsequently, the dark bubble grows (see Table 1) and shows
up closer and closer to the line core. The pattern is similar in
the red wing of the line.
The third column of Figure 7 shows patches of enhanced
FIG. 5.— Temporal evolution of the a1, a2, and b parameters for cases #1
and #2. a1 and a2 are the dimensions of the dark intensity bubble as depicted
in Figure 4. The bubble is defined as the pixels with Ca II intensities equal to
0.7 Ic or less, that are within the area enclosed by the magnetic feet. b is the
distance between magnetic legs of opposite polarity, also depicted in Figure 4
(see Tables 1 and 2 for numerical values).
circular polarization (red contours) from the beginning of the
sequence in spatial coincidence with the magnetic feet of neg-
ative polarity. At 10:09:42 UT a small patch of linear polar-
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FIG. 6.— Same as Figure 4, for the second example of flux emergence. In this case, only the Ca II 854.2 nm intensity filtergrams are shown. The arrows
pinpoint the opposite-polarity magnetic feet as they separate from each other during the emergence process. Note the brightenings at (x,y) = (1′′ − 4′′ ,0′′ − 2′′).
In this event, the dark bubble is more elongated and lasts during the whole 12 min sequence.
ization appears right next to where the positive polarity patch
is emerging (see upper panels of Figure 4 for a more detailed
view). The LP patch has grown at 10:10:53 UT and is now
in between the opposite polarities of the bipole. This im-
plies the rising of a horizontal magnetic field in photospheric
layers, with more vertical legs anchored deeper down. At
10:12:01 UT the LP patch has decreased in size, but still re-
mains between the opposite-polarity feet. At 10:13:14 UT the
linear polarization signal is almost washed out, whereas the
vertical field is visible until the end of the sequence. The dark
bubble mimics the behavior of the LP patch: it emerges, in-
creases in size, and lasts for the same duration, disappearing
at 10:13:14 UT. The dark bubble criterion is only satisfied for
four time scans, from 10:09:42 UT until 10:13:14 UT. Be-
yond 10:13:14 UT we can still see ring-shaped brightenings
that coincide with the magnetic legs. Those are the bound-
aries of the magnetic bubble. Overall, the observations indi-
cate that the dark bubble is a counterpart, in higher layers, of
the appearance of horizontal fields in the photosphere.
The evolution of the magnetic bubble is dominated by the
separation of the opposite magnetic polarities (column 3 of
Figure 7). The magnetic bubble seems to leave footprints in
the chromospheric intensity images, and brightenings are seen
at all wavelengths of the Ca II 854.2 nm scan, resembling the
shape and position of the magnetic features observed in the
photospheric magnetograms.
To show how the dark bubble makes its way through the so-
lar atmosphere in more detail, Figure 8 presents a close-up of
the blue wing of the Ca II 854.2 nm line. We only consider the
time interval during which the dark bubble exists, i.e., from
10:09:42 UT to 10:13:14 UT, plus two time steps before its
appearance for completeness. The first column shows maps
of the photospheric circular polarization to illustrate the pres-
ence and evolution of the magnetic bubble. The next columns
display, respectively, Ca II 854.2 nm filtergrams at −0.06,
−0.04, −0.03, −0.02, −0.01, and 0 nm from line center. Foot-
prints of the magnetic bubble can be clearly seen at all wave-
lengths in Ca II 854.2 nm in the form of brightenings. White
arrows point to the dark bubble when it is unambiguously de-
tected, while yellow arrows indicate a more vague presence of
the bubble. In the latter cases, we do not directly observe the
dark bubble, but we infer its presence from the circle-shaped
brightenings that coincide with the magnetic legs. An exam-
ple can be found in the line core filtergram at 10:13:14 UT.
As the line core is approached, opaque chromospheric fea-
tures (fibrils), presumably located at greater heights, appear in
the FOV and do not allow one to see deep in the atmosphere.
In spite of this, we detect the dark bubble at 10:09:42 UT in
the Ca II 854.2 −0.06 nm filtergram and, one minute later,
also in Ca II 854.2 −0.04 nm. At 10:10:53 UT the bubble
is still visible in those images, but it has progressed towards
the Ca II 854.2 −0.03 nm filtergram. At that time, by chance,
the chromospheric fibrils seem to be on top of the dark bub-
ble. By 10:12:01 UT the bubble has reached the Ca II 854.2
−0.01 nm filtergram, and at 10:13:14 UT it is detected at all
wavelengths, including the line core. The behavior of the bub-
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FIG. 7.— Temporal evolution of several observables corresponding to flux emergence case #1. From left to right: continuum intensity at 630 nm, photospheric
LP and CP maps, and filtergrams across the Ca II 854.2 nm line from −0.06 to +0.06 nm in steps of 0.02 nm. The green contours overplotted on the LP and CP
panels indicate linear polarization signals of 0.6% of the Ic. The red contours shown on the CP maps represent circular polarization signals of 1.3%. The yellow
contours mark the presence of the dark bubble during its life. Note that the dark bubble appears only in four line scans, while the magnetic bubble lives longer.
Contours have been plotted only in two columns (1 and 4) to avoid overcrowding. Pixels marked with a yellow cross are those used in Figures 9 and 10. The rise
of the bubble through the atmosphere can be followed as it progresses from the wings to the core of Ca II 854.2 nm. Panels with an orange frame are those in
which the dark bubble is not yet visible.
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FIG. 8.— Close-up of the blue wing of the Ca II 854.2 nm line, from 10:07:16 UT to 10:13:14 UT. The first column shows photospheric circular polarization
maps. The next columns display Ca II 854.2 nm filtergrams at −0.06, −0.04, −0.03, −0.02, −0.01 and 0.0 nm from the line core. White arrows indicate a clear
detection of dark bubble #1. Yellow arrows mean a more ambiguous detection, either because the bubble is overlaid by chromospheric fibrils or because
it is not a conspicuous dark feature. In the former case, the presence of the bubble can be inferred from the brightenings surrounding it.
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FIG. 9.— Stokes profiles of the Fe I 630.15 and 630.25 nm lines observed in the two pixels marked with yellow crosses in Figure 7. They represent the dark
bubble interior (red lines) and pixels outside it (black lines). The time of the scans is indicated in the upper left corner of each Stokes I panel. The selected line
scans are the ones in which the dark bubble is more clearly visible (lower panels of Figure 4) and in which significant LP signal is detectable (Figure 7).
ble in the red wing (not shown here but in Figure 7) is similar.
The fact that the dark bubble approaches the core of the Ca II
854.2 nm line from the filtergram at −0.06 nm means that it is
traveling from the mid photosphere to the mid chromosphere
over a distance estimated to be about 1100 km (Figure 1).
Since it takes some 215 s for the dark bubble to get there, its
average vertical speed is 5.2 km s−1.
3.2. Polarization profiles
In this Section we discuss the properties of the observed
Stokes profiles before extracting more quantitative informa-
tion from them.
3.2.1. Fe I 630 nm lines
Figure 9 shows the Fe I 630.15 and 630.25 nm Stokes pro-
files emerging from two different pixels, one inside and the
other outside of dark bubble #1 (red and black lines, respec-
tively). Those pixels have been marked with yellow crosses
in Figure 7. Four time steps are displayed, corresponding to
the initial phases of the dark bubble development (10:09:42,
10:10:53, 10:12:01 and 10:13:14 UT). As can be seen, all in-
tensity profiles are blueshifted with respect to the pixel lo-
cated outside of the magnetic bubble region. The blueshift
grows from 10:09:42 UT, attains a maximum at 10:10:53 UT,
and decreases in the following scans. This pattern confirms
that the magnetic bubble is indeed rising in the atmosphere.
The Stokes V profiles inside the emerging flux region show
significant signals of up to 3.5% Ic, meaning that during the
four line scans there was a magnetic field present in the bub-
ble. They also exhibit very strong blueshifts. Stokes Q and
U , by contrast, have large amplitudes only at 10:10:53 and
10:12:01 UT. This agrees with Figure 7, where those two
line scans are the ones showing the stronger and more ex-
tended LP patches. A clear Stokes Q signal is detectable in
the Fe I 630.25 nm line at 10:09:42 and 10:13:14 UT, but with
reduced amplitude, consistent with the idea that at those par-
ticular times a horizontal magnetic field was entering and then
leaving the line formation region in the photosphere.
The inversion of the Stokes profiles of the pixel inside
the dark bubble yields field strengths of 480, 610, 360 and
230 G for each of the time steps depicted in Figure 9. The
corresponding inclinations reveal a horizontal field becoming
slightly more vertical: 87, 75, 72 and 70◦, respectively. Some
single-lobed Stokes V profiles are observed inside the dark
bubble. Jumps or strong gradients of the physical parame-
ters along the line of sight can explain such kind of profiles
(Sainz Dalda et al. 2012), suggesting that a magnetic discon-
tinuity is present in the atmosphere above the bubble.
3.2.2. Ca II 854.2 nm
Figure 10 shows the temporal evolution of the
Ca II 854.2 nm Stokes I and V spectra observed in the
two pixels used above. An average quiet Sun profile is
overplotted for comparison (simple black line in the first
panel). Note that, regardless of time, the intensity profiles
coming from the pixel outside the dark bubble and the quiet
Sun are very similar.
Inside the dark bubble, the Ca II 854.2 nm line shows en-
hanced absorption in the blue wing. Some of the profiles
also show an emission peak (very prominent in particular at
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FIG. 10.— Temporal evolution of the Ca II 854.2 Stokes I and V profiles observed in two pixels, one inside dark bubble #1 (red lines) and another outside it
(black lines). Those pixels have been highlighted with yellow crosses in Figure 7. A quiet Sun profile has been plotted for comparison in the first panel (simple
black line). Note the clear blueshifts of −2.9 km s−1 at 10:09:42 UT and −2.7 km s−1 at 10:12:01 UT.
10:09:42 and 10:14:20 UT). The peak lies at the “knee” of
the line—roughly indicating an upper photospheric/low chro-
mospheric origin—and occurs only in the red wing, not in
both wings. This assymetry implies the existence of very
strong, localized upflows in layers below the formation height
of the line core, which move the opacity bluewards and ex-
pose deeper atmospheric layers but do not significantly shift
the core itself. The mechanism is similar to that described by
Leenaarts et al. (2010) in the first quartet of their Figure 9 or
by Leenaarts et al. (2009) in their Figure 5, although the flows
are of opposite direction here and probably less intense. To
explain the emission feature one may also need a strong tem-
perature enhancement, but this will be investigated in Paper II
of this series using non-LTE inversions.
The intensity profiles observed in the bubble are strongly
blueshifted at some particular times (10:09:42, 10:12:01 and
10:14:20 UT). Part of the blueshift might be induced by the
presence of the emission peak, but part of it must be real be-
cause of the enhanced absorption occurring in the blue wing
of the line.
Outside of the magnetic feet, the dark bubble exhibits no
Ca II 854.2 nm Stokes V signal above the noise level except
at the wavelength of the intensity bump produced by the emis-
sion peak. Only there a weak chromospheric circular polar-
ization signal can be measured. Although the profiles are very
noisy, the existence of this signal is undisputable because it
produces extended patches in the corresponding monochro-
matic Stokes V images. We will see in Figure 13 that pixels
with emission features are found mainly at the edges of the
magnetic bubble, with only a few lying inside.
3.3. Velocity of the rising gas
In this Section we discuss the dynamics of the emerging
bubble based on the bisector velocities derived from the ob-
served Stokes I profiles.
Figure 11 shows LOS velocity maps for flux emergence
case #1 from 10:07:16 until 10:17:48 UT. The first and sec-
ond rows display continuum intensity maps at 630.32 nm and
Ca II 854.2 −0.08 nm filtergrams, the third and fourth rows
photospheric velocities at the 80% and 10% intensity levels,
and the fifth and sixth rows chromospheric velocities at the
60% and 30% levels. The velocities are clipped at ±2 km s−1
for the photosphere and at ±4 km s−1 for the chromosphere.
Negative velocities indicate blueshifts. Black contours in the
velocity panels indicate the position of the dark bubble.
In the photospheric velocity maps (rows three and four),
the granulation pattern is clearly visible throughout the tem-
poral sequence. At 10:09:42 UT, a granule near the center
of the FOV with an elongated shape shows more prominent
blueshifts of −1.8 and −1.3 km s−1 at the 80% and 10% inten-
sity levels, respectively. One minute later, at 10:10:53 UT, the
blueshifts have increased to −2.4 and −2.0 km s−1, coinciding
with the stronger linear polarization patch. At 10:12:01 UT,
the LOS velocities start to decrease down to the −1.8 and
−1.1 km s−1 attained at 10:13:14 UT. Thus, the blueshifts in-
crease their value at the beginning, peak at 10:10:53 UT (re-
gardless of the bisector level), and decrease in the next line
scans. The bisector closer to the line core reveals smaller
Doppler shifts than the bisector closer to the continuum.
Redshifts are also observed at the feet of the bubble in the
photospheric velocity panels. Their average value is 2 km s−1
as measured at the 80% intensity level. Peaks of 3 km s−1
are reached at 10:10:53 and 10:14:20 UT, while velocities of
3.7 km s−1 are detected at 10:15:33 UT. These strong down-
ward flows are probably the result of drainage of material
along the legs of the rising magnetic bubble. They coincide
with strong brightenings in the intensity filtergrams around
(x,y) = (1′′,0′′ − 3′′) and (2′′,2′′ − 3′′). Interestingly, those
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FIG. 11.— Temporal sequence of intensities and LOS velocities for flux emergence case #1, covering the interval from 10:07:16 to 10:17:48 UT. First and
second rows: continuum intensity at 630.32 nm and Ca II 854.2 −0.08 nm intensity filtergrams. Third and fourth rows: Fe I 630.15 nm bisector velocities
computed at the 80% and 10% intensity levels. Fifth and sixth rows: chromospheric velocities determined from Ca II 854.2 nm line bisectors at the 60% and 30%
intensity levels. Velocities are clipped at ±2 km s−1 in the photosphere and ±4 km s−1 in the chromosphere. Note the strong redshifts of 2 km s−1 that appear in
coincidence with the negative polarity foot, particularly at the 80% intensity level around (x,y) = (1′′ − 2′′,2′′ − 3′′). Brigthenings also occur at the same position.
The contours indicate the presence of the dark bubble during its life.
locations are associated with the negative polarity leg and
present a strong magnetic field. The 10% bisector level also
shows redshifts at the same positions, but of lesser magnitude.
The last two rows of Figure 11 display chromospheric ve-
locities as measured by the Ca II 854.2 nm bisectors. At the
beginning of the temporal sequence, most of the FOV is dom-
inated by strong blueshifts associated with chromospheric fib-
rils that are opaque and do not permit the detection of features
below them. At 10:09:42 UT a narrow fibril seems to cross
over the dark bubble, with an average velocity of −5.0 km s−1.
In the next time step the fibril has mostly disappeared and the
60% bisector velocity shows blueshifts of −5.5 km s−1 at the
position of the dark bubble. The bubble is well detected until
the end of the sequence when the velocities have slowed down
to −1 km s−1. The 30% bisector velocity indicate weaker up-
ward motions in the dark bubble with signals that are delayed
with respect to the 60% bisector velocity. At those heights,
the fibrils are detected until 10:10:53 UT, giving way to the
bubble at 10:12:01 UT with blueshifts of −3 km s−1. The ve-
locity slows down to −1 km s−1 at the end of the sequence.
As mentioned before, there is the possibility that some of
the blueshifts inferred from the Ca II 854.2 nm line are not
real Doppler velocities but an artifact of the emission peak that
occurs in the red wing of the line at some locations. However,
most of the bubble interior does not show profiles in emission
(see the blue contours in Figure 13), so a large fraction of the
blueshifts detected in the chromosphere must be legitimate.
This issue will be examined in more detail in Paper II of this
series.
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FIG. 12.— Temporal evolution of the atmospheric parameters inferred from the inversion of the Fe I 630 nm lines for flux emergence event #1. From top
to bottom: Ca II 854.2 nm −0.08 filtergram, field strength, inclination of the vector magnetic field, LOS velocity, temperature at logτ = 0, and temperature at
logτ = −2. The sequence covers the interval from 10:07:16 to 10:15:33 UT. The contours outline the position of the dark bubble.
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3.4. Magnetic properties
3.4.1. Photospheric fields
From top to bottom, Figure 12 presents the temporal evo-
lution of the Ca II 854.2 −0.08 nm filtergrams, together with
the field strength, field inclination, LOS velocity, and temper-
ature at logτ = 0 and logτ = −2 inferred from the inversion
of the Stokes profiles of the two Fe I lines, for flux emer-
gence event #1. The appearance of the positive leg is well vis-
ible at 10:09:42 UT in the field strength map and one minute
later in the inclination map. It then builds up. The newly
formed positive leg contains field strengths that vary between
300 and 500 G from its appearance at 10:09:42 UT until the
end of the sequence. Inclinations change from 86◦ when the
leg appears to 50◦ at the end of the sequence. The nega-
tive leg yields stronger fields, ranging from 400 to 800 G,
and inclinations varying between 145◦ and 110◦. The pat-
tern of the field strength at the center of the magnetic bub-
ble follows that shown in Figure 7 by the linear polarization
patch. At 10:09:42 UT the center of the bubble presents a
magnetic strength of 300 G which grows up to 480 G in the
next time step and then decreases to 370, 200 and finally
120 G at 10:14:20 UT. The inclinations at the center of the
bubble lie between 75 and 95◦. Thus, a horizontal field tra-
verses the photosphere being particularly strong at 10:10:53
and 10:12:01 UT, in agreement with Figure 7.
The velocities show a normal granulation pattern in the first
frames, but later on, the granule at the center of the FOV
stands out among the others with increased upward veloc-
ities which reach a peak of −3 km s−1 at 10:10:53 UT be-
fore slowing down to −1 km s−1 at 10:15:33 UT. The pho-
tosperic temperature at logτ = 0 does not show any trace of
the dark bubble, in agreement with the observed continuum
intensity pattern. However, the dark bubble is easily identi-
fied in the temperature map at logτ = −2, where it shows a
time-averaged deficit of 150 K with respect to the mean tem-
perature of 5020 K. At 10:13:14 UT the deficit reaches its
maximum value of 250 K. Note that the dark bubble seen in
the temperature maps cannot be mistaken with reverse gran-
ulation, since its size is considerably larger than that of the
underlying granule. This means that the magnetic bubble is
cooler than the surroundings in the mid photosphere, but not
below (we recall that logτ = 0 refers to the continuum forming
region and logτ = −2 to a layer some 300 km above it.)
3.4.2. Chromospheric fields
The chromospheric magnetic signals are very small and
thus difficult to measure. We do not observe Stokes Q or
U signals in the Ca II 854.2 nm line above the noise level.
However, we do detect Stokes V signals that allow us to esti-
mate the longitudinal field in chromospheric layers. We have
utilized the weak field approximation for this purpose, as de-
scribed in Sect. 2.3.
Figure 13 shows intensity filtergrams in the low and mid
photosphere (first two panels), together with longitudinal
magnetic field maps in the low photosphere (panel 3), the mid
photosphere (panel 4), and the mid chromosphere (panel 5).
The longitudinal field map displayed in panel 3 has been con-
structed using the inversion results as BLOS = Bcosγ. The
longitudinal fields derived from the Ca II line have been ob-
tained by applying the weak field approximation to the line
wings (excluding the central ±300 mÅ; panel 4) and to the
region within the profile ’knees’ (±300 mÅ around the line
core; panel 5), in order to separate the photospheric contribu-
tion from the purely chromospheric contribution.
In Figure 13, the red contours outline pixels with chro-
mospheric longitudinal fields stronger than φ = −90 G (three
times the noise level). As can be seen, the most intense chro-
mospheric fields occur at the position of the lower half-moon-
shaped magnetic leg. The pixel marked with a cross in panel 2
at (x,y) = (2′′,2.5′′), for example, has a field strength of 750 G
and an inclination of 123◦ in the photosphere, i.e., a longitudi-
nal field of −410 G, but only −175 G in the mid chromoshere
as inferred from the Ca II 854.2 nm line core. This change by
a factor of 2.3 between the two layers sampled by the corre-
sponding maps implies a rapid decrease of the field strength
with height or a progressively larger inclination of the field
towards higher layers, or both.
The polarity of the magnetic feet is the same—negative—
in the photosphere and the chromosphere. But that does not
always seem to hold for pixels in the vicinity of the magnetic
feet, as some of them show opposite-polarity (positive) V pro-
files in the chromosphere. We have pinpointed those pixels
with blue contours in the second panel of Figure 13. When-
ever there is a change in the sign of Stokes V between the
photosphere and the chromosphere, the Ca II 854.2 nm Stokes
I profiles show emission instead of absorption. This rever-
sal of the polarity is only apparent: in the weak field regime,
the Stokes V sign is determined by the sign of δI/δλ. When
the line goes in emission, δI/δλ changes sign and so does
Stokes V. Thus, also for those pixels the magnetic polarity is
the same in the two atmospheric layers. We have previously
observed this behavior in the Stokes I and V profiles of Fig-
ure 10, which switch from absorption to an assymetric emis-
sion peak in the red wing. Other examples of apparent polar-
ity reversals in chromospheric lines have been presented (and
explained) by Martínez Pillet et al. (1990), Sánchez Almeida
(1997), and de la Cruz Rodríguez et al. (2013).
The blue contours show that the magnetic bubble is sur-
rounded by pixels with chromospheric Stokes I profiles par-
tially in emission, which is indicative of plasma being dis-
placed at a different speed and possibly with much higher
temperature in some layers along the LOS. Whether such
higher temperatures would be achieved by reconnection or by
some other heating mechanisms remains to be determined.
4. NUMERICAL SIMULATIONS
Further insight into the observed phenomena may be gained
with the help of ‘realistic’ numerical simulations. In this case
the term ‘realistic’ means models in which enough physi-
cal mechanisms are included so that observables synthesized
from the simulations can be directly compared with our ob-
servations. We have run an experiment in which a magnetic
flux sheet that is injected into the convection zone rises to the
photosphere and later breaks through into the chromosphere
in much the same way as we believe is happening in the ob-
servations described above.
The models presented here are performed on a 24× 24×
16.5 Mm3 cube discretized on a grid containing 504× 504×
496 cells, with a horizontal grid size of 41 km and a vari-
able spacing in the vertical direction ranging from 20 km
in the photosphere, gradually increasing to 95 km in the
corona 14 Mm above the photosphere and to 85 km in
the convection zone 2.5 Mm below the photosphere. The
model is calculated using the Bifrost code (Gudiksen et al.
2011) and includes an equation of state based on solar abun-
dances in LTE, optically thick radiative transfer and losses
from the photosphere and chromosphere including scatter-
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FIG. 13.— From left to right: Stokes I map in the continuum at 630.32 nm, Ca II 854.2 −0.08 nm filtergram, longitudinal photospheric magnetic field from
the inversion of the two Fe I lines, and longitudinal magnetic field from the wings and the core of the Ca II 854.2 nm line for flux emergence event #1. All the
maps correspond to 10:14:20 UT. The red contours highlight regions with chromospheric longitudinal fields stronger than −90 G, and have been superimposed
onto the other four panels. The cross in the second panel marks a pixel in the magnetic legs which is discussed in the text. The blue contours in the second panel
outline pixels with intensity profiles in emission.
ing (Skartlien 2000; Hayek et al. 2010). In the middle and
upper chromosphere as well as in the transition region, a
recipe for effectively thin radiation is used, as described by
Carlsson & Leenaarts (2012). In the corona, thermal conduc-
tion along the magnetic field plays an important role; this is
treated by operator splitting where the resulting implicit op-
erator for conduction is solved using a multi-grid method as
described in Gudiksen et al. (2011).
In the simulation a magnetic sheet aligned with the y-axis,
stretching from x = 4 Mm to x = 16 Mm, and with strength
By = 3363 G is inserted at the bottom boundary. This par-
ticular field strength has been chosen after experimenting
with weaker flux sheets that failed to produce the desired
emergence. The insertion continues for 1 hour 45 minutes
(6310 s) before it is turned off. The magnetic field of the
sheet reaches the photosphere fairly rapidly (within an hour
or so), but at the photosphere is no longer carried by convec-
tion nor sufficiently buoyant and therefore becomes ‘stuck’
slowly gaining strength as field from below piles up.
In Figure 14 we show a vertical cut of the evolution of the
magnetic field strength, density, vertical velocity, and temper-
ature along with the emergent intensity from the photosphere
and the lower chromosphere (i.e., similar to the emergent in-
tensity in the white light continuum and near the line core
of a strong chromospheric line such as Ca II 854.2 nm) at
4 different times during the simulation. Initially the emerg-
ing magnetic field has only reached to some 1.5 Mm below
the photosphere, and the photosphere and chromosphere are
dominated by granular flows and chromospheric oscillations.
At t = 1h 59m 39s, the field fills the convection zone up to
the photosphere, but has not yet penetrated the upper photo-
sphere nor the chromosphere. This happens first two min-
utes later, when the field gradient in the vertical direction be-
comes strong enough to trigger the magnetic buoyancy insta-
bility (Parker instability): when the magnetic field strength
decreases with height it reduces the gas pressure gradient and
sets up a situation where heavier fluid overlies a lighter fluid
as described by Archontis et al. (2004) and references therein.
At this point the field breaks through the photosphere and a
bubble of high field strength emerges into the chromosphere
and corona. This bubble expands rapidly and adiabatic cool-
ing ensues; the chromospheric material becomes very cool as
the bubble expands far beyond the original dimensions of the
flux emerging into the photosphere. Though the event shown
here is too weak to significantly perturb the granulation pat-
tern in the photospere we see that, as the bubble rises, the
chromospheric emission becomes very low where the tem-
peratures are lowest, while enhanced emission occurs near the
edges. Upon expanding into the chromosphere, the bubble
achieves a nearly spherical shape as can be seen in the 3D
rendering of Figure 15. At this stage it has a diameter of
some 3 Mm.
The response of the simulated photosphere and chro-
mosphere to the expansion of the emerging magnetic flux
is further shown in Figure 16. The evolution of the
photospheric continuum intensity and magnetic field are
plotted alongside the temperature at five separate heights
(200,350,500,700,1000 km) in the lower and middle
chromosphere and the vertical velocity at two heights
(200,1000 km). Initially, a small region of strong magnetic
field (both vertical and horizontal) pierces the photosphere.
At this time there is no response in the temperature nor in
the velocity pattern at higher altitudes. One minute later, at
1:53:19, a circular region of slightly cooler gas appears over
the emerging flux region 350 km above the continuum form-
ing layer. (Note that we do not see any obvious response in
the temperature at a height of 200 km at that time, nor indeed
at any later time). This structure is similar to that appearing
in the inverted temperature maps at logτ = −2, which show
the dark bubble in the middle photosphere. The cool region
at 350 km grows larger as time progresses, and at 2:01:19 has
a diameter of roughly 3′′. This temperature response is mir-
rored at greater heights, but the cooling region appears later,
at 1:54:19 at 700 km and at 1:55:19 at 1000 km, implying an
ascent speed of 4.2 km s−1. At these great heights the tem-
perature becomes very low in the ‘bubble’ falling to less than
2000 K. Though the temperature response is very weak or
missing at 200 km the flux emergence is quite evident in the
velocity signal, with upflows of order 3 km s−1 outlining the
cool bubble above. At the edges of the granule, and especially
centered on the regions of greater vertical field strength, there
are downflows of 3 km s−1. At 1000 km, where the bubble
is very pronounced in temperature, we find upflows of some
10 km s−1 surrounded by downflows with approximately the
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FIG. 14.— Views of the simulation box at four different times. Top two rows: intensities in the horizontal plane that would be observed in the core of
a strong chromospheric line (such as Ca II 854.2 nm) and in the continuum at 630 nm. Lower four rows: vertical cuts showing temperature, vertical
velocity, gas density, and magnetic field strength. The dashed lines in the first two rows indicate the position of the selected vertical slices.
same amplitude.
In the photosphere the horizontal magnetic field strength of
the rising flux is of the order several hundred G, increasing to
1 kG near the edges of the granule containing the emerging
field. The vertical field is much more concentrated to the in-
tergranular lanes, and reaches a maximum of some 1150 G.
At a height of 700 km we find that, as the magnetic bub-
ble rises and expands, the horizontal magnetic field grows to
Bh = 100 G and is concentrated towards the center of the bub-
ble, and while the vertical field grows to a similar amplitude,
it is concentrated to the edges.
The evolution of the simulated dark bubble is, with the ex-
ception of perturbed granulation, remarkably similar to what
is observed. This includes the field strength and LOS veloci-
ties of the emerging flux in the photosphere and the chromo-
sphere, the ascent speed and expansion velocity of the bubble,
its temperature deficit in the middle photosphere, and the du-
ration of the entire event. In the model, the emerging field
continues to expand and eventually, after a series of recon-
nection events, merges and/or replaces the ambient coronal
field.
5. DISCUSSION AND CONCLUSIONS
With the advent of very high resolution spectropolarimetric
measurements, our understanding of small-scale flux emer-
gence in the solar atmosphere has improved dramatically.
So has the realism of numerical simulations of this phe-
nomenon, thanks to ever-increasing computer capabilities.
Both within active regions and in the quiet Sun, a common
form of flux emergence is the rise of simple Ω-shaped mag-
netic loops that intersect the photosphere at two magnetic
footpoints. The present paper deals with a more complex
kind of flux emergence, a 3D semi-sphere that we have called
magnetic bubble. Such a bubble pierces the photosphere pro-
ducing half-moon shaped magnetic feet. To our knowledge,
only Guglielmino et al. (2012) have observed flux emergence
events with similar crescent-shaped magnetic legs. Here we
present multiwavelength observations and simulations that al-
low us to get a better understanding of the emergence of these
magnetic features.
We have observed some of the typical signatures of flux
emergence: abnormal granulation, separation of magnetic feet
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FIG. 15.— 3D rendering extracted from the simulation of the magnetic field lines producing the magnetic bubble. The magnetic bubble reaches a diameter
of 3Mm. Red and blue indicate fields pointing upward and downward, respectively.
of opposite polarity, and brightenings in chromospheric lay-
ers. We have quantified how the magnetic bubble expands
horizontally and rises vertically. The expansion and rise seem
to happen in an intermittent way, rather that in a continuous
and smooth fashion. But the most remarkable observational
feature—and the main result of this paper—is the appearance
of a dark bubble contained within the magnetic enclosure in
the mid-photosphere and above. This bubble is magnetized,
and pumps magnetic flux into the chromosphere. Surrounding
the bubble we have detected Ca II 854.2 nm intensity profiles
with an emission peak in their red wings. In order to produce
such a peak, a very high velocity gradient is needed along the
LOS, possibly coupled with strong temperature enhancements
at some height in the atmosphere. These are perhaps the signs
of reconnection happening at the edges of the bubble, or of
other heating mechanisms.
We have measured the distance between the magnetic feet
and found values of up to 6.6′′, with horizontal separation
velocities of about 4 km s−1 on average. Otsuji et al. (2007)
reported separation speeds of 4.2 km s−1 during the initial
phases of flux emergence and some 1 km s−1 later on. The
dark bubble shows maximum sizes of 3′′× 1′′ and horizontal
expansion velocities similar to those of the magnetic feet.
The rising gas has LOS velocities of around −2.5 km s−1
in the photosphere and −3 km s−1 in the chromosphere.
Strong downflows are detected at the position of the mag-
netic feet, with peaks of 4 km s−1. Observational studies
like Guglielmino et al. (2008) and Guglielmino et al. (2012)
report slightly smaller values of −1 to −2 km s−1 for the
upflows and 1 to 2 km s−1 for the downflows. Numeri-
cal simulations by Cheung et al. (2008) yield upward ve-
locities as small as −0.5 km s−1. However, the simulations
of Martínez-Sykora et al. (2008) give photospheric values of
−2.5 km s−1 for the upflows and 3-5 km s−1 for the downflows.
In the chromosphere they find −7 km s−1 and 10 km s−1, re-
spectively. These values are similar to ours.
Brightenings, in particular where the new flux system inter-
acts with the preexisting ambient field, are common in emer-
gence events as reported by, e.g., Guglielmino et al. (2008)
and Vargas Domínguez et al. (2012). We also observed them.
Figure 7 shows that brightenings are seen all across the Ca II
854.2 nm line profile, resembling the shape and position of
the magnetic feet.
We have derived the magnetic properties of the emerging
flux in the photosphere and the chromosphere. The longitu-
dinal magnetic field at the position of the half-moon shaped
magnetic legs is around 410 G in the photosphere (corre-
sponding to a field strength of 750 G) and 175 G at the height
of formation of the Ca II 854.2 nm line core, i.e., the middle
chromosphere. The field strength in between the two mag-
netic feet is around 300 to 400 G as determined from the in-
version of the observed Fe I 630 nm lines. Guglielmino et al.
(2012) also obtained maximum strengths of 400 G in the
photosphere with the IMAX instrument on board the SUN-
RISE balloon (Martínez Pillet et al. 2011). The numerical
simulations performed here yield hG strengths for the hor-
izontal field of the bubble interior and 1 kG for the ver-
tical field of the feet, 200 km above the continuum form-
ing layer. At a height of 700 km the horizontal magnetic
field has a strength of some 100 G and is concentrated to-
wards the center of the bubble, whereas the vertical field has
similar strengths but is mainly seen near the magnetic legs.
This is in excellent agreement with Cheung et al. (2008) and
Tortosa-Andreu & Moreno-Insertis (2009), who found Bh =
100 G at a height of 1000 km. Martínez-Sykora et al. (2008)
also obtained 80 G at 900 km.
Our realistic numerical simulations are able to reproduce,
both qualitatively and quantitatively, the main observational
results. This includes the field strength and the LOS veloc-
ities of the emerging flux, both in the photosphere and in
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FIG. 16.— Temporal evolution between 1:52:19 and 2:01:19 simulation time of the white light intensity, vertical magnetic field, total magnetic field, temperature
at 200, 350, 500, 700, 1000 km above the photosphere, as well as the vertical velocity at 200 and 1000 km above the photosphere. The color scale for Bz is set
to [−784,784] G, while for |B | is set to [0,1474] G. The temperature scale ranges between 3597 and 6057 K at 200 km, between 3033 and 6316 K at 350 km,
between 2573 and 6503 K at 500 km, betweeen 2186 and 6468 K at 700 km, and between 1997 and 7401 K at 1000 km. The velocity scale at 200 km is set to
[−3,3] km s−1 and at 1000 km to [−10,10] km s−1 (red color represents downflows).
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the chromosphere, the expansion and rise of the bubble, the
lower gas temperature of the bubble in the mid and high pho-
tosphere, and the total lifetime. The organization of the field
lines in the simulation is shown in Figure 15. As can be seen,
this is a truly spherical bubble which is expanding into the
chromosphere after rising through the photosphere. Except at
the position of the bubble, the photospheric field is essentially
horizontal. The picture that can be drawn from both observa-
tions and simulations is one of an extended sheet of horizontal
fields initially located in subphotospheric layers that rise into
the atmosphere with the help of the vertical upflows of a gran-
ule. During the ascent, the fields adopt the form of a bubble
and create a temperature deficit which is observed as a dark
feature in the middle photosphere (logτ = −2) and above.
Martínez-Sykora et al. (2008) and
Tortosa-Andreu & Moreno-Insertis (2009) detected sim-
ilar dark bubbles in their simulations. The bubbles are formed
by adiabatic cooling of flux emerging and expanding rapidly.
Both papers quote temperatures of less that 3000 K for the
dark bubbles at heights of 700 to 900 km.
Using Hinode measurements, Vargas Domínguez et al.
(2012) reported the existence of small-scale (2-4 Mm), short-
lived (12 min) dark areas in a flux emergence event similar
to the ones analyzed here. These features were observed in
Ca II H filtergrams, but also in photospheric Na I 589.6 nm
Stokes I images. According to Vargas Domínguez et al.
(2012), they appear in regions with negligible longitudinal
magnetic field. Even though there are some differences (our
bubbles present both horizontal and vertical field and occur
above logτ = −2), their observations may have targeted the
same features at less spatial resolution and only with partial
magnetic field information.
In Paper II of this series we will invert the observed
Ca II 854.2 nm profiles under non-LTE conditions to deter-
mine the properties of the magnetic bubble in the chromo-
sphere, including the stratification of the gas temperature and
the LOS velocity. We will investigate the origin of the emis-
sion features detected in the Ca II 854.2 nm red line wing and
the possibility that they signal the presence of strong temper-
ature enhancements at some height in the atmosphere. Also,
we will compute synthetic Fe I 630 nm and Ca II 854.2 nm
Stokes profiles from the simulations in order to compare them
with the observed ones. Differences betweeen the synthetic
and observed profiles will provide additional constraints to
our numerical model of flux emergence.
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